In situ x-ray absorption spectroscopy (XAS) in 1 M HC1O4 was used to examine the electronic and structural effects of hydrogen adsorption on carbon supported Pt (Pt/C) and Pt alloyed with first row transition metals (Cr, Mn, Fe, Co, and Ni). In the case of Pt/C, potential excursions from the double layer region (0.54 V vs. RHE) to 0.0 V caused significant changes in the XAS spectra whereas none was observed for the alloys. The L, and L2 x-ray absorption near edge structure indicated the generation of empty electronic states in the vicinity of the Fermi level due to adsorption of hydrogen, and the L, extended x-ray absorption fine structure indicated an increase in the coordination number of the first Pt-Pt shell from 9 to 11. The latter was attributed to a reversible surface restructuring process. Alloying of the Pt suppresses both the electronic and structural effects at 0.0 V. A comparison of the electrochemical kinetics for hydrogen oxidation by these electrocatalysts in a proton exchange membrane fuel cell indicated that alloying of the Pt had insignificant effects on the kinetics. Previous work1 has shown that the most accepted mechanism of hydrogen molecule oxidation is the Tafel-Volmer sequence, with the rate-determining step being dissociation of the hydrogen molecule (Tafel, Ref.
Previous work1 has shown that the most accepted mechanism of hydrogen molecule oxidation is the Tafel-Volmer sequence, with the rate-determining step being dissociation of the hydrogen molecule (Tafel, Ref.
2) followed by a fast oxidation step (Volmer reaction). Despite the facile nature of this reaction on Pt and Pt group metals, a better understanding of the electrocatalysis in terms of the electronic and geometric parameters involved is essential. The primary motivation emanates from the promise of electrocatalysts with better tolerance toward commonly encountered catalyst poisons such as CO and S '' and the eventual success of the direct methanol fuel cells. 6 The electronic and geometric parameters which determine the electrocatalysis encompass several factors such as (i) the crystallite size effect, coordination numbers, bond distances, etc., and (ii) the Pt 5 d orbital vacancies. The effect of crystallite size and other geometric parameters for Pt has been extensively reviewed.7'8 Attempts to understand the mechanism and kinetics of hydrogen molecule oxidation on Pt surfaces based on different models of hydrogen chemisorption and the interplay of electronic factors have also been made.''°T he x-ray absorption spectroscopy (XAS) technique with the near edge part (x-ray absorption near edge struc-* Electrochemical Society Active Member.
ture, XANES) and higher energy side of the spectra (extended x-ray absorption fine structure, EXAFS) offers the prospect for investigating these factors and their interplay under in situ conditions of hydrogen oxidation.
Recently we have completed an in situ XAS study on a series of carbon supported Pt alloy electrocatalysts, where Pt is alloyed with the first row transition elements (Cr, Mn, Fe, Co, and Ni). 11, 12 This study correlated the electronic (Pt 5 d orbital vacancy obtained from the Pt L3 and L2 XANES) and geometric parameters (bond distance and coordination numbers from the Pt L3 EXAFS ) with electrocatalysis for oxygen reduction reaction (ORR).
There have been several reports on the effect of adsorbed hydrogen on the Pt L3 XANES and the Pt d band vacancies. Almost all of these are for oxide-supported Pt catalysts in gaseous hydrogen.'"4 The main effect is a broadening of the Pt L3 XANES white line on the high energy side of the peak. Similar effects have been observed for carbon supported Pt electrodes in 1 M HC1O4 in the hydrogen adsorption region.'1 Boudart has attributed this widening of the white line to transitions into Pt-H antibonding orbitals. '4 Recently Allen et al., have used in situ dispersive EXAFS to study carbon supported Pt over a wide potential range.'6 They found significant increases in the magnitude of the first peak (the first Pt-Pt shell) of the Fourier transform in the hydrogen adsorption region. No explanation was given for this, but it indicates some structural changes. Tidswell et al., ' 7 using x-ray reflectivity on Pt single crystals (<100>), have shown that adsorbed hydrogen can induce surface relaxation on Pt.
All these studies indicate that adsorbed hydrogen can induce significant electronic and structural changes on Pt. The implication of this for the hydrogen oxidation kinetics or the susceptibility of the electrode to poisons is not known. The present study uses in situ XAS to study electronic and structural changes in carbon supported Pt and Pt alloys in the hydrogen adsorption region. Experimental Electrocatalysts, electrodes, and electrochemical characterization.-Five carbon-supported binary Pt alloys (Pt/Cr; Pt/Mn, Pt/Fe, Pt/Co, and Pt/Ni) and Pt electrocatalysts were procured from Johnson Matthey Inc. (West Deptford, NJ). Based on previous investigations" the electrocatalyst loading was chosen as 20% (by weight) metal on carbon. The gas diffusion electrode structure comprised a reaction layer (containing 40 to 50% PTFE) and a wetproofed carbon cloth substrate (Textron, MA). The electrodes were prepared with a constant Pt loading of 0.3 mg/cm2 (confirmed by atomic absorption spectroscopy).
The electrode kinetic evaluation of hydrogen oxidation was conducted at a solid polymer electrolyte membrane (SPEM) interface at 95°C and 5 atm pressure. Methodologies for electrode impregnation with Nafion® solution (Aldrich), membrane electrolyte purification (Aciplex,® Asahi Chemical Co., Japan), and the fabrication of the membrane electrode assembly (MEA) are described elsewhere.20'2' The MEA was next incorporated into a single-cell test fixture with capabilities for half-cell measurements.2' Electrode kinetic measurements were carried out in a test station with provisions for temperature and pressure control, humidification of reactant gases, and gas flow measurements.2' Prior to electrode kinetic measurements, the MEA assembly was conditioned at several temperature, pressure, and humidity conditions, details of which are given elsewhere.2' Besides the electrode kinetic measurements at 95°C and 5 atm pressure, measurements were also carried out as a function of temperature (in the range 35 to 80°C) for determination of the activation energy.
X-ray diffraction .-The characteristics of the crystalline structure of the supported Pt and Pt alloy electrocatalysts (formation of superlattices, etc.) were determined using xray powder diffraction (XRD). Measurements were carried out using a Sintag automated diffractometer with a Cu K radiation source. 28 Bragg angle were scanned over a range of 0 to 80°. The diffraction patterns were recorded and analyzed by comparing them with standard powder diffraction data such as the JCPDS powder diffraction patterns (NIST). Details of sample preparation, internal calibration, and analysis are given elsewhere."2 fit situ XANES and EXAFS investigation.-The x-ray absorption spectroscopic measurements were carried out at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL), using the National Institute of Science and Technology (NIST) beam line X23A2. Details of the monochromator design and energy resolution are given elsewhere." Based on the monochromator and the overall beam line configuration, the presence of second harmonics was negligible. This was confirmed at both Pt (L, and L2 edge) and the K edge of the alloying element using absorption edges of test samples at approximately twice the energy."
Prior to electrode fabrication all the electrocatalysts were soaked in either 2 M KOH or 1 M HC1O4 to remove residual oxides and unalloyed first row transition elements. The electrodes used for the in situ XAS measurements were prepared by a vacuum table paper making technique22 and comprise 76% electrocatalyst, 12% carbon fibers, and 12% PTFE (Teflon TFE-30, Du Pont). This afforded adequate step heights at both Pt L and the K edge of the alloying element in transmission and fluorescence modes. The electrodes were soaked in 1 M HC1O4 for 48 h to ensure complete wetting prior to incorporation in the spectroelectrochemical cell. Since XAS is an averaging technique, it was essential to ensure that all of the electrocatalyst was electroactive and there was a minimal amount of residual oxides and other phases (<5%). The spectro-electrochemical cell used as a part of this study allowed measurements in both transmission and fluorescence modes. The cell comprised the working electrode and an uncatalyzed carbon counterelectrode that were wetted with 1 N HC1O,. The separator used was a Nafion 117 proton exchange membrane (Du Pont). The reference was a calomel electrode, however; all potentials in the paper are reported vs. the reversible hydrogen electrode (RHE). The electrolyte was 1 N HC1O4, chosen due to nonabsorption of its anion, a property similar to that of the perfiuorinated sulfonic acid membrane (Aciplex,® Asahi Chemical Company, Japan). The cell was specially constructed to maintain all components under compression in order to avoid complications in the spectra due to random density fluctuations caused as a result of gas bubbles. Results and Discussion X-ray diffraction-Comparison of the x-ray powder diffraction patterns with those of the standard JCPDS powder diffraction data base shows that the PtMn/C, PtCr/C, PtFe/C, PtCo/C, and PtNi/C alloys form intermetallic crystalline structures, the primary superlattice phase being of the type Pt3M (where M is the first row transition alloying element) possessing an L12-type lattice with an fcc structure. There were indications of a small contribution of a secondary phase of the type PtM possessing an Table I) . The particle sizes, based on x-ray line broadening, were estimated using the Scherrer equation26 and the linewidth at half maximum intensity, corrected for instrument broadening, was obtained using Warrens equation. 27 The particle sizes were obtained from peak broadening of <111> diffraction line of the primary phase in the Pt and Pt alloys, relative to the <220> diffraction line for 20 p.m spherical particles of Al powder (AESAR, Johnson Matthey) used as an internal standard (20 peak position at 44.6°). Table I shows that particle size increases due to alloying in the order of Pt/C < PtCr/C <PtFe/C, PtNi/C < PtCo/C, PtMn/C. Electrochemical characterization- Figure 1 shows the Tafel plots for the Pt and Pt alloy electrocatalysts at 95°C and 5 atm pressure. The electrocatalytic activities for both Pt and Pt alloy electrocatalysts for hydrogen oxidation are almost identical. Figure 2a shows the representative plot of the effect of temperature on the polarization behavior of PtCr/C. The rate constant for hydrogen dissociation (K) was derived from the limiting current (Lm) using a previously derived3 expression
where A is the interfacial roughness; y the active surface area per unit volume of porous electrode; D, the effective diffusivity of hydrogen in the electrolyte-filled reaction layer; and C2, the concentration of hydrogen at the membrane electrolyte interface. The interfacial roughness factor A was taken as 2 (a reasonable value based on previous models3'28 '29) . The value of -y (Table II) The temperature dependence of the rate constant for hydrogen dissociation (I) was used to derive a measure of the activation energy Figure 2b shows an Arrhenius plot for the PtCr/C electrocatalyst, and the values of activation energies are given in Table II . There was no variation in the activa- L10-type lattice with a tetragonal structure. The extent of contribution of this secondary phase (<5%), was estimated by the intensity of the diffraction lines due to the PtM phase. The 20 positions of the <100>, <111>, <200>, and <220> powder diffraction lines for the Pt/C electrocatalysts compares well with the standard JCPDS powder diffraction files and indicates that the electrocatalyst Pt/C has fcc lattice similar to bulk Pt. The lattice parameters for the Pt alloys, based on the Pt3M type fcc lattice (Table I) 1 -00(1 - The hydrogen coverage (0) was derived by fitting the normalized polarization data to the expression3 ANES analysis- Figure 4a shows the in situ Pt L3 XANES for a Pt foil and a Pt/C electrocatalyst at 0.0 and 0.54 V vs. RHE. At 0.0 V there is considerable widening of the white line on the high energy side of the peak. This effect is completely reversible with potential. At 0.54 V (double layer region) the spectra for Pt/C is identical to that for a Pt foil which indicates that there is no interference due to anion or water adsorption. Such a widening of the white line in the hydrogen region is similar to that previously reported in the gas-phase studies on oxide supported Pt catalysts by Mansour and co-workers'3'33 and by Samant and Boudart.'4 Samant and Boudart'4 have presented their results as the difference spectra relative to a Pt foil. Similar plots are shown in Fig. 4b . Negative difference spectrum indicate features present in the Pt foil that are absent in the electrocatalyst sample. The features at -18 eV and above correspond to the first oscillation beyond the white line, and hence the presence of this feature in the difference spectrum can be attributed to the change in coordination number of Pt in going from bulk (foil) to small supported crystallites. At energies below 18 eV, the difference spectra reflect changes in the electronic structure of Pt. In the hydrogen region (0.0 V), there is a major positive feature at =9 eV. This suggests the formation of unoccupied states on the high energy side of the Fermi level of Pt. Calculation of the 5 d orbital vacancies using the areas under the L3 and L3 white lines (details of the methodology given elsewhere"323) at 0.0 and 0.54 V reflect these observations (Table III) , which support the earlier suggestion'4 of the creation of antibonding states above the Fermi level of Pt due to hydrogen adsorption.
A similar comparison in the case of Pt alloys (Fig. 5a shows representative XANES for PtNi/C) shows that alloying causes an increase in the white line thereby indicating higher d band vacancy of Pt. This is exhibited by the increased magnitude of the white line for PtNi/C at 0.54 V (Fig. 5a ). Further; there appears to be no appreciable differences in the white lines at 0.0 and 0.54 V, indicating minimal change in the electronic structure of Pt in the alloys at the hydrogen region. These observations are quantitatively reflected in the calculated d band vacancies (Table III) . The corresponding difference spectrum (Fig. Sb) clearly indicates the minimal change in electronic structure of Pt in the hydrogen region in contrast to the evidence of any redox-type process involving the alloying element as well as negligible corrosion even at potentials above 0.8 V vs. RHE. These results strongly indicate that the outer surface is mostly Pt. EXAFS analysis.-EXAFS spectra at the Pt L3 edge were used to investigate the effect of potential on the short range atomic order (bond distances, coordination number, and Debye Wailer factor) of Pt and Pt alloys. Figure 6 shows the representative plots for the isolated EXAFS at the Pt L, edge for Pt/C at 0.0 V. Table IV gives the integration range in k space for the forward Fourier transforms.
Comparison of the Fourier transforms at 0.0 and 0.54 V for Pt/C electrocatalysts is shown in Fig. 7 . Once again the effect of potential in the EXAFS is reversible. The higher magnitude of Fourier transform at 0.0 V indicates a significant change in the structural parameters for the Pt/C electrocatalyst in the hydrogen region relative to the double layer (0.54 V). This observation of a higher magnitude of the Fourier transform is in agreement with previously reported in situ results on a supported Pt/C electrocatalyst.'6 A corresponding analysis for the Pt alloys, as shown by the representative plots for PtMn/C and PtNi/C (Fig. 8) , however, shows minimal changes with potential.
The increase in the magnitude of the first peak in the Fourier transform can be attributed to changes in the PtPt coordination number (I'.J), changes in the Debye Wailer factor (r2), the introduction of another coordination shell (e.g., Pt-C), or to forward scattering effects due to hydrogen in the Pt lattice. The presence of extra coordination shells and the forward scattering were checked by doing Pt-Pt phase corrected Fourier transforms on the data. In all cases, the peak of the real part of the Fourier transform coincided with a symmetrical positive peak in the imaginary part of the transform. This is evident from Fig. 9 , showing such a comparison at 0.0 \ This indicates a single Pt-Pt coordination shell, and it eliminates forward scattering as an explanation of the higher peak. Extra coordination shells would introduce asymmetry in the main peak of the imaginary part of the transform. Table IV . The approach taken in fitting the sample data was to choose the simplest model first and attempt to get unique solutions to the fits. Thus for Pt/C electrocatalyst it was possible to fit the data to a Table IV) .
single Pt-Pt coordination shell at both 0.0 and 0.54 V. Figure 10 shows the quality of this fit at 0.0 V in both k and r space. Similarly the Pt alloy data were fitted to a two-shell model consisting of Pt-Pt and Pt-M contributions at both the potentials. The quality of fits obtained is shown by the representative plots for PtCr/C alloy at 0.54 V (Fig. 11 ) in both k and r space. The results of EXAFS analysis are given in Tables V and VI . The error limits in the EXAFS analysis were obtained according to procedure described elsewhere.45 For single shell fits, the limits of error ranged between 1 and 8% for N and 0.005 to 0.01 A for R. For two shell fits, the error limits were typically in the range of 5 to 14% for N and 0.007 to 0.012 A for R. The single shell fits are more reliable than two shell fits, since they can be verified using the log ratio method. This could account for some of the variation in the total coordination numbers for the alloys. The results in Table V are in close agreement with those obtained using the log ratio method, confirming that there is an increase in the coordination number at 0.0 V as compared to 0.54 V. Further, the quality of fits obtained using k' weighting was of similar high quality and the values of the EXAFS parameters were essentially the same. These results strongly suggest restructuring of the Pt particles in Pt/C at the hydrogen region. Previous results of Tidswell at al.,'7 using x-ray reflectivity at the <100> Pt/electrolyte interface has shown that surface relaxation of Pt occurs on adsorption of hydrogen. Similar results have also been previously reported in vacuum interface studies using Rutherford backscattering at the <001> Pt surface.46
Recent results by Zei at al.,47 using in situ STM on <100> Pt surface have shown that a reconstructed <100> Pt surface ([5 x 20] symmetry, prepared using flame annealing) can be maintained on transfer to the electrolyte at negative potentials. Excursion to positive potentials lifts this reconstruction ( [5 X 20] -[1 X 1]). However, unlike Au 48 there was no evidence of any reconstruction on going back to negative potentials. Ar explanation of the present results is that on the small supported Pt electrocatalyst particles such a reconstruction is possible and is reversible with potential. The reconstruction could change the particle shape and hence the coordination number. The coordination numbers at 0.0 V are what one would expect for a 25 A particle with a cubo-octahedral structure. The lower coordination number at 0.54 V would indicate a different shape, perhaps a flat raft-like structure on the carbon support.
Results of the EXAFS analysis for the Pt alloy electrocatalysts at 0.0 and 0.54 V are given in Table VI. All the alloys exhibit contractions in their Pt-Pt distances confirming the results from the ex situ x-ray diffraction analysis. In contrast to the Pt/C electrocatalyst, there is no variation in the N, R, and r' values for any of the alloy electrocatalysts with potential. This indicates that the process of alloying renders the electrocatalysts immune to structural changes in the hydrogen region. It is also important to consider the particle size difference between the supported Pt and the Pt alloy electrocatalysts. The particle sizes determined using x-ray line broadening analysis (Table I) edge white line without any modification of the Pt-Pt bond length. Apparently, empty states due to adsorbates such as hydrogen or anions do not affect Pt-Pt bonding, whereas the empty states due to alloying affect the Pt-Pt bond length. The Pt XANES for the alloys at 0.0 V indicates that there is no effect due to adsorbed hydrogen.
Alloying may reduce the hydrogen adsorption. In case of Pt/C adsorption of hydrogen aids the reconstruction. The reconstruction on the Pt/C may cause a variation in the kinetic parameters for hydrogen oxidation with potential. This could account for the poorer fit for the kinetic data in Fig. 3b .
Conclusions In summary, this study indicates that in contrast to the oxygen reduction reaction,"2 the electrocatalytic activities for hydrogen oxidation in Pt and Pt alloys do not differ significantly. Further, the mechanism for hydrogen oxidation appears to be same for both Pt and Pt alloy electrocatalysts as indicated by the similarity of their respective activation energies. The hydrogen coverages on all the Pt alloys were also found to be similar to the Pt/C This is attributed to a reversible reconstruction effect which changes the particle shape. In contrast to this, the Pt alloy electrocatalysts showed no influence of potential on either the d band vacancies or the structural parameters. 8 Introduction The electrochemical roughening and faceting of metals based upon the application of different periodic potential routines is an attractive procedure for developing textured metal surfaces.1-6 This procedure has been extensively employed to modify the surface topography of noble metal electrodes by applying either a periodic potential to these electrodes immersed in an aqueous environment7 or by electroreducing a hydrous noble metal oxide layer previously built up using an adequate potential routine.5 Less attention has been paid to the application of these techniques to other lower cost metals of wider practical interest. Previous results on Cu electrodes in aqueous phosphoric acid8 have shown that either a smooth or a rough topography resulted depending on the frequency of the periodic potential routine. The latter determines the characteristics of the nonstationary diffusion layer built up around the electrode. 8 This work refers to changes in the topography of polycrystalline Ag and Cu electrodes immersed in an acid electrolyte solution produced by a prolonged application of the potential reversal technique (PRT). Topographic changes are followed by scanning electron microscopy (SEM), and underpotential deposition (upd)/anodic strip-* Electrochemical Society Active Member. ping voltammetry of Pb for Ag,9 and Tl for Cu.1° For both Ag and Cu, the application of PRT at relatively high frequencies (f > 50 Hz) produces electrofaceting at grain domains without a significant increase in surface roughness and only small amounts of soluble metal ionic species in the solution. Under these conditions, a clear long-term smoothing of the metal surface can be noticed. Conversely, at low frequencies (f < 50 Hz), branched electrodeposits are formed simultaneously with the appearance of a rather large concentration of metal ions in the solution.
The changes in the electrode topography can be explained as a complex process involving the specific electrochemical kinetics and mechanism of the Ag/Ag and Cu/Cu2 electrode, the participation of ionic transport processes at the solution side, and metal atom surface diffusion.
Experimental
Electrochemical runs were made in a conventional three-electrode Pyrex glass cell using either polycrystalline Ag or Cu working electrodes and Pt counterelectrode plates facing up the working electrode surface. The reference electrode was a saturated calomel electrode (SCE) . Working electrodes were subjected to different pretreatments. Thus, Ag electrodes were etched in diluted
